Introduction
============

Modification-dependent protein-protein interactions between domains and characteristic peptide motifs are key organizing principles of signaling events in all organisms. For example, specific, extended peptide sequences containing phosphotyrosine interact with cognate SH2 or PTB domains ([@b38]; [@b45]; [@b37]). Consensus peptide sequences involved in recognition by domains have been well studied using oriented peptide libraries ([@b49]), peptide arrays ([@b28]) or phage display ([@b7]). Individual interactions between activated tyrosine kinase receptors and specific downstream signaling molecules have been investigated using immunoprecipitation and detection of selected proteins by Western blotting (see [@b32] and references therein). However, most of these methods lack specificity for modification-dependent interactions.

In the past, there have been several studies for large-scale protein-protein interaction mapping in yeast ([@b24], [@b23]; [@b52]; [@b12]; [@b20]) and in higher organisms ([@b6]; [@b13]) using the yeast two-hybrid system or tagging of full-length proteins, followed by immunoprecipitation and mass spectrometric identification of bound partners. This work provided important insights into protein interaction networks but did not specifically address signal-dependent interactions. However, to serve as a basis for systems biology, static and dynamic, signal-dependent interactions need to be determined in a comprehensive manner. Since protein-protein interactions during signaling events occur in a controlled and ordered way, proteins serving as nodes in interaction networks need to provide distinct binding sites for the variety of interaction partners, in response to different stimuli. In order to improve our understanding of how interaction specificity of different pathways is achieved, it is important to obtain an overview of the intramolecular distribution of binding sites. Therefore, there is a great need for methods that can determine interactions at the resolution of single modification sites and with high-throughput. This would help in systematizing our increasing knowledge of protein interaction networks and signaling pathways.

Members of the ErbB-receptor family are expressed in many different tissues and play a crucial role in cell proliferation and differentiation. They are activated by ligand binding, which leads to homo- or heterodimerization followed by transphosphorylation of characteristic tyrosines. This triggers downstream signaling cascades by recruitment of specific substrate proteins. EGFR (ErbB1) and ErbB4 are fully functional receptor tyrosine kinases, whereas ErbB2 has no endogenous ligand and ErbB3 has no functional kinase domain. Changes in expression and aberrant activation, especially of EGFR and ErbB2, have been shown to be associated with a variety of cancers ([@b5]). The EGFR and its signaling pathway has been well studied with respect to protein-protein interactions, and for the main players in the pathway, their interaction sites have been mapped. The three other members of the ErbB family are less well studied ([@b32]), although interaction partners have also been identified for a number of phosphotyrosine residues in ErbB2, ErbB3 and ErbB4. A general model of how this receptor family integrates different signals from different stimuli through unique and redundant binding sites will be crucial to our understanding of the diverse biological roles of this receptor family. Therefore, systematic mapping of protein interaction sites of whole protein families and motif classes combined with unbiased protein detection is necessary.

Using a recently developed quantitative proteomics technology for determining protein-protein interactions ([@b46]), we here present results of a first systematic profiling of phosphotyrosine-dependent interaction sites on the ErbB-receptor family. Our screen resulted in novel and global insights into specificity and distribution of protein interaction sites by giving a broad picture of the direct interaction partners of all phosphotyrosine residues of the ErbB family members. The peptide-protein interaction screen turned out to be extremely specific in the detection of primary interaction partners, and revealed that each of the receptors has distinct patterns of binding partners, indicating distinct roles in signaling events. Strikingly, EGFR and ErbB4 show high similarities in their phosphotyrosine interaction partners, suggesting integrative roles in signaling pathways of their respective ligands.

Results
=======

Detection of protein-protein interactions has previously been a balance between specificity (background reduction) and affinity (detection of weak interactions). Recently, the introduction of stable isotope labeling, to distinguish specific from unspecific interaction partners ([@b3]; [@b41]), has enabled detection of weak binders in the presence of high levels of background proteins (see below). Based on this principle, we have developed a proteomic screen for peptide motif-based interactions ([@b46]). Using synthetic peptide pairs in phosphorylated and unphosphorylated form, pull-down experiments are performed to enrich specific binding partners to the phosphorylated bait peptides. These proteins are subsequently identified and quantified by mass spectrometry. In this study, by further method development, we greatly increased the throughput of the analysis allowing us to profile the entire phosphotyrosine interactome of the ErbB-receptor family.

Improvements and scale-up of the peptide-protein interaction screen
-------------------------------------------------------------------

The ErbB family contains a total of 89 cytosolic tyrosine residues. In order to carry out a systematic analysis of binding partners to the corresponding phosphotyrosine motifs, the proteomic peptide-protein interaction screen had to be optimized and streamlined. In the process of scaling up the method, desthiobiotin instead of biotin was used as the tagging reagent during peptide synthesis. Desthiobiotinylated peptides were then immobilized on streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin), and after incubation with cell lysate, bait peptides and proteins bound to them were eluted with biotin. Bait peptides were removed from the reaction by precipitation of proteins. As a consequence, eluted proteins did not have to be separated over SDS-PAGE prior to analysis by mass spectrometry and were directly trypsin-digested in-solution. This eliminated the time-consuming in-gel digestion step and reduced the number of LC-MS/MS experiments from at least six to one run per pull-down experiment. Furthermore, in-solution digests are more readily automatable and can be performed at a scale of hundreds or thousands. Thus, the improved method allows interaction profiling at a system-wide scale.

In the later part of the study, we employed a linear ion trap Fourier transform mass spectrometer (LTQ-FT, ThermoFinnigan). This instrument has significantly higher sequencing speed and peptide mass accuracy, which resulted in significantly higher quality data.

Systematic analysis and general comparison
------------------------------------------

Here, we present results of the first modification-dependent protein interaction study involving systematic profiling of binding sites of a whole receptor subfamily. For many receptors, the physiological phosphorylation sites are not well documented, and algorithms for their prediction are still limited. The relatively high throughput of our screen allowed systematic study of all tyrosine sites, without making prior assumptions about the baits or their potential interaction partners. In particular, we wanted to demonstrate that the throughput of the method is sufficiently high, so that no information about the phosphorylation status (i.e. *in vivo* phosphorylated or not) needed to be taken into account. Therefore, we chose to study potential interaction partners to all cytosolic tyrosine residues of the ErbB-receptor family in their phosphorylated form in a systematic and unbiased approach. Altogether, we analyzed all 94 pairs of synthetic singly phospho-, nonphospho- and doubly phosphopeptides to a total of 89 cytosolic tyrosine residues in the four receptors EGFR, ErbB2, ErbB3 and ErbB4.

For a total of 25 phosphotyrosines, a single interaction partner was found, and for 13 additional tyrosine residues, we found more than one interacting protein ([Table I](#t1){ref-type="table"}). Not surprisingly, 49 out of the 89 investigated tyrosine residues did not have an interaction partner to their phosphorylated form. Most of the tyrosine residues without interaction partners are located in and around the kinase domain, whereas the residues that interacted with specific partners accumulated at the C-terminal regions of the receptors. Strikingly, all binding partners with a significant ratio in our assay had either an SH2 or a PTB domain.

An overview of the distribution of the interaction partners of the different members of the ErbB-receptor family shows clear differences between individual receptors, but also a large overlap ([Figure 1](#f1){ref-type="fig"}, [Supplementary Table I](#S1){ref-type="supplementary-material"}). EGFR is the family member with most interaction partners and the highest percentage of tyrosine residues with more than one binding partner. ErbB3 is characterized by a large number of binding sites for phosphatidylinositol-3-kinase (PI3K), while ErbB2 has only few interaction partners with Shc as the most frequent one. ErbB4 and EGFR have a variety of phosphotyrosines that bind Grb2, or Grb2 and Shc. EGFR and ErbB4 have a greater diversity of interaction partners than ErbB2 and ErbB3. All interactions found in this study have been submitted to the public Molecular INTeraction database ([@b60]).

Interactions mediated by specific peptide motifs
------------------------------------------------

ErbB family members show high homology in the kinase domain (59-81% identity), whereas the C-terminal domains are more divergent (11-25% identity). ErbB3 was the receptor showing the weakest homology to the other three receptors. Nevertheless, characteristic sequences around two tyrosine residues are identical in all four receptors: tyrosines Y900 of EGFR, Y908 of ErbB2, Y897 of ErbB3 and Y906 of ErbB4, all are embedded in the sequence SDVWS[**Y**]{.ul}GVTVW; and tyrosine Y944 of EGFR, Y952 of ErbB2, Y941 of ErbB3 and Y950 of ErbB4, all have the identical sequence CTIDV[**Y**]{.ul}MIMVK (underlined and color coded in [Figure 1](#f1){ref-type="fig"}). Tyrosine 944 of the EGF-receptor is phosphorylated by Src-kinase ([@b51]). To both of these shared tyrosine-containing sequences no interaction partners were found, suggesting that these sequences are conserved for structural functions or that they mediate other types of effects. Furthermore, two pairs of phosphotyrosine-containing sequences are identical in EGFR and ErbB2. One of these pairs (pY764 in EGFR and pY772 in ErbB2) has no interaction partner and the other (pY10l6 in EGFR and pY1023 in ErbB2) mediates interaction with PTP-2c. In addition, the protein sequence around pY978 in EGFR and pY984 in ErbB4 is identical, and in our experiments, binds STAT5 and PTP-2c when phosphorylated.

Besides these identical sequences, the ErbB-receptor family also has a highly conserved region around Y915 (EGFR), Y923 (ErbB2), Y912 (ErbB3) and Y921 (ErbB4), to which no interaction partner was found. Similar to Y944, Y915 was also shown to be a Src-kinase phosphorylation site in EGFR ([@b51]). Two other conserved regions are around Y1197 (EGFR), Y1248 (ErbB2) and Y1284 (ErbB4), as well as around Y727 (EGFR), Y735 (ErbB2) and Y733 (ErbB4). All six corresponding phosphopeptides showed specific interactions to Shc. It is interesting to note that ErbB3 clearly differs from the other three receptors with respect to its interaction partners and conserved regions around tyrosine residues.

Interaction of phosphotyrosine peptides with Grb2, Shc or PI3K were dependent on specific consensus sequences that have been well documented ([@b49]; [@b58]; [@b37]). The protein Shc, which contains a PTB-domain and an SH2-domain, was found to bind to two different consensus sequences. The majority of Shc-binding sites conformed to the typical N-P-X-pY recognition motif for the PTB domains ([@b16]). However, an alignment of the sequences around five Shc-binding sites revealed no conserved N-terminal motif. Instead, we found a consensus sequence pY-\[KR\]-X-\[LI\] involving a basic residue neighboring the phosphotyrosine and a hydrophobic residue at position +3 ([Figure 2](#f2){ref-type="fig"}). Since PTB domains have recognition sequences N-terminal to pY and SH2 domains have C-terminal binding motifs ([@b57]), Shc is likely to bind these bait peptides through its SH2 domain. A consensus binding motif for the Shc SH2-domain of pY-φ-X-\[LI\], with strongest selection on the position +3 has been described in pool-sequencing experiments ([@b49]). However, our results indicate that the strong selection of position +3 alone comprising the motif pY-X-X-\[LI\] is not sufficient to specify binding of endogenous Shc, as Shc did not bind to pY915, pY978 of EGFR, pY8O3, pY923 of ErbB2, pY912, pY975, pY1307 of EbB3 or pY921, pY984 of ErbB4, which have a pY-X-X-\[LI\] sequence. Supporting evidence for our motif also comes from experiments that demonstrated binding of recombinant SH2 domain of Shc to phosphopeptides containing the pY-\[KR\]-X-\[LI\] sequence around pY727 and pY998 of EGFR ([@b55]).

Grb2 was also found to bind sequences that deviate from the strict target sequence pY-X-N. Our experiments suggest the more generalized consensus motif pY-\[φQ\]-\[NQFDK\], where φ is a hydrophobic residue. Binding of Grb2 to motifs deviating from the pY-X-N sequence has previously been noted ([@b49]; [@b55]). To describe Grb2 binding preferences, we compared ion intensities in extracted ion chromatograms of identical tryptic peptides of Grb2 from pull-down experiments with different phosphotyrosine residues ([Figure 3](#f3){ref-type="fig"}). For the same mass spectrometric conditions, peptide ion signals from the same tryptic peptide in different experiments are indicative of the abundance of these peptides in different samples, a fact that is, for example, used in Protein Correlation Profiling ([@b1]). Those bait peptides containing an asparagine residue at position +2 led to identification of Grb2 peptides with high ion intensities. This correlates with the strong binding of Grb2 to the pY-X-N motif. In contrast, bait peptides without asparagine at position +2 resulted in the identification of tryptic peptides with significantly lower ion intensities ([Figure 3](#f3){ref-type="fig"}). Nevertheless, in all cases, Grb2 was identified as a specific binding partner to the bait peptide, and these results were confirmed by Western blots (insets in [Figure 3](#f3){ref-type="fig"}). Furthermore, our findings are in agreement with *in vitro* studies of binding affinities of synthetic peptides to the recombinant SH2 domain of Grb2 ([@b55]).

In addition to direct binding of Grb2 to phosphotyrosine residues of receptor kinases, Grb2 can also be recruited to the receptor by binding to Shc when Shc is tyrosine phosphorylated as a result of receptor stimulation. Phosphorylation of Shc results in binding of Grb2 to the phosphorylated tyrosine of Shc via its SH2 domain. We found that five bait phosphopeptides had Grb2 and Shc as common binding partners. However, in all five cases, the bait peptide contained overlapping binding motifs for Grb2 and Shc (see also inset in [Figure 3](#f3){ref-type="fig"}). Furthermore, the experiments were carried out in cells that were not especially stimulated with growth factor (even though they were grown in the presence of serum). Thus, most signal-dependent multi-protein complexes are not present and binding partners are not activated (phosphorylated). Therefore, the identification of Grb2 in our pull-down experiments is most likely due to direct binding and not indirect binding as an interaction partner of Shc. For the above reasons, we believe that our experiments generally yield the direct or primary phosphotyrosine interactome rather than protein complexes.

Y-E-Y motifs of ErbB3 and the role of double phosphorylation
------------------------------------------------------------

ErbB3 contains three pairs of tyrosine residues that are separated by one glutamic acid residue comprising Y1197 and Y1199, Y1222 and Y1224, as well as Y1260 and Y1262. These Y-E-Y motifs were not found in any of the other ErbB-receptors, suggesting that these regions may perhaps have specific interaction partners also in the doubly phosphorylated state, or that double phosphorylation enhances or abolishes interaction of proteins in the singly phosphorylated peptides. To investigate this question, we used the Y-E-Y regions as bait peptides in unphosphorylated, singly phosphorylated and doubly phosphorylated states, with cell lysates that were metabolically labeled with either ^12^C~6~-arginine (Arg0), ^13^C~6~-arginine (Arg6) or ^15^N~4~ ^13^C~6~-arginine (Arg10) and used in pull-down experiments with unphosphorylated, singly phosphorylated and doubly phosphorylated bait peptides.

The results show that there are clear binding partners for each of the singly phosphorylated bait peptides of the Y-E-Y motifs ([Figure 4](#f4){ref-type="fig"}). All three Y-E-Y motifs contain a binding site for PI3K at the first tyrosine residue (Y1197, Y1222 and Y1260; pY-E-Y), and two motifs contain a binding site for Grb2 at the second tyrosine residue (Y1199 and Y1268; Y-E-pY). The Y-E-Y motif with phosphorylated tyrosine residue Y1224 (Y-E-pY) did not result in specific binding of any protein. PI3K, as well as Grb2, also interacted with the doubly phosphorylated bait peptides. However, Grb2 interaction was weaker with the doubly phosphorylated bait peptides, compared to the interaction with the singly phosphorylated peptide, including the Grb2 binding site. Apparently, the doubly phosphorylated regions did not have characteristic specific interaction partners. Since both tyrosine residues are very close together, only one of the two possible interaction partners can bind at a time, and it remains open if the doubly phosphorylated form actually occurs *in vivo*.

Direct interaction of EGFR and ErbB4 with STAT5
-----------------------------------------------

The systematic profiling of interaction partners not only allows a global view of interaction sites, but also reveals important detailed information that can be exploited further for the understanding of signaling processes, as will be illustrated with the example of STAT5 binding to EGFR. STAT5 is a transcription factor that is rapidly activated upon EGF stimulation. It then moves to the nucleus, where it is involved in the regulation of gene transcription. Experiments with truncated EGFR clones suggested that the region between tyrosine residue Y0978 and Y0998 was necessary for activation of STAT5 ([@b56]). However, it remained unclear whether this proposed interaction was direct or through a multiprotein complex. Systematic interaction profiling of all tyrosine residues of the ErbB-receptor family revealed STAT5 as a specific interaction partner to the phosphorylated bait peptides Y978 and Y998 of the EGF receptor and Y984 of ErbB4. We confirmed the direct interaction of STAT5 and EGFR by immunoprecipitation. When EGFR was immunoprecipitated from whole-cell lysates of cells under normal growth conditions (basal stimulation in 10% FBS), STAT5 was identified by Western blot and *vice versa* ([Figure 5](#f5){ref-type="fig"}). To further confirm this finding, we added synthetic phosphorylated peptides pY978 and pY998 to the immunoprecipitation reaction, which resulted in reduced STAT5 detection after EGFR immunoprecipitation and in reduced EGFR detection after STAT5 immunoprecipitation. The unphosphorylated counterparts of these peptides had no influence on the immunoprecipitation reactions ([Figure 5A](#f5){ref-type="fig"}). [Figure 5B](#f5){ref-type="fig"} shows that the interaction of STAT5 depended on EGFR phosphorylation, which peaked after two minutes of EGF stimulation, and that normal growing HeLa cells also have a basal level of phosphorylated EGFR.

Dynamics of tyrosine phosphorylation after EGF stimulation
----------------------------------------------------------

To correlate our findings with *in vivo* phosphorylation of the receptor, we directly analyzed the kinetics of phosphorylation of several sites upon EGF stimulation by mass spectrometry. Phosphopeptides of immunoprecipitated EGFR were analyzed by LC-MS/MS after different times of stimulation with EGF. For these experiments, different cell populations were completely SILAC labeled with either Arg0, Arg6 or Arg10. Arg0 populations were left unstimulated, Arg6 populations were stimulated for either 2 or 4 min, and Arg10 populations were stimulated for eight or 15 min. Ratios between tryptic phosphopeptides in their Arg0, Arg6 and Arg10 forms in the combined immunoprecipitations allowed one to monitor the abundance of these tryptic phosphopeptides as a function of time after EGF stimulation ([@b4]). In this experiment, we identified a novel EGFR phosphorylation site by the tryptic peptide containing the phosphorylated tyrosine residue Y998 ([Figure 6A](#f6){ref-type="fig"}). In total, tryptic peptides to six phosphorylation sites were analyzed ([Figure 6B](#f6){ref-type="fig"}). Peptides of phosphorylated Y1110, Y1172 and Y1197 showed highest ratios at 2-4 min of stimulation, and these ratios decreased with longer EGF stimulation. In contrast, Src-kinase phosphorylation site Y869 displayed a decrease in ratio at 4 min of stimulation, which was accompanied by an increase in ratio of the nonphosphorylated tryptic peptide. The novel phosphorylation site at Y998 displayed a gradual increase in ratio over 15 min of stimulation, and the phosphorylation site at Y801 was maximally activated as late as 8 min after start of EGF stimulation ([Figure 6B](#f6){ref-type="fig"}). However, in interpreting the kinetics of such curves, it has to be kept in mind that the amount of EGFR immunoprecipitated by the phosphotyrosine antibody will depend on the total tyrosine phosphorylation of the receptor in addition to the phosphorylation of the site under investigation.

These results show that different phosphorylation sites show different phosphorylation dynamics after stimulation, reflecting distinct temporal roles in signaling. Interestingly, these differences in phosphorylation dynamics correlate with the interaction partners identified for each of these sites. The autophosphorylation sites at Y1110 and Y1197 display rapid phosphorylation with a maximum after 4 min and they have the same set of interaction partners (Grb2 and Shc). The novel phosphorylation site at Y998 is increasingly phosphorylated over 15 min, and interacts with STAT5, PTP-2c, Shc, Crk, and the phosphotyrosine kinase Src or Csk ([@b8]), which could not be distinguished based on the observed tryptic peptides. Crk was immunoprecipitated with EGFR in a phosphorylation-dependent manner ([Figure 5B](#f5){ref-type="fig"}). In contrast, the phosphorylation sites at Y801 and Y869 showed distinct phosphorylation kinetics, but had no interaction partner in our assay.

Discussion
==========

Specific protein-protein interactions are not only involved in the formation of stable multimeric complexes, but are important for a large number of rather short-term associations of proteins during signaling. Kinase and substrate need to interact, and temporary complexes are formed by means of scaffolding and adaptor proteins ([@b43]; [@b37]). Knowing the binding partner to a phosphorylation site defines the role of that particular modification during signal transduction. Apart from resolving interactions to specific binding sites on different signaling proteins, an overall picture of the distribution of binding sites for interacting proteins may also lead to general conclusions of how signals are directed to different pathways. The approach taken in this study is thus complementary to other proteomic approaches in which whole signaling complexes are identified (see, e.g., [@b3]).

As signaling events are often characterized by phosphorylation of receptors and downstream interaction partners, the peptide-protein interaction screen ([@b46]) was further developed for high sample throughput and used to map the primary binding partners of phosphorylated tyrosine residues of the ErbB-receptor family. Individual members of this family have in the past been studied with respect to interaction partners of selected residues using phosphopeptide competition analysis, receptor mutants and coimmunoprecipitation ([@b30]; [@b2]; [@b9]; [@b40]; [@b29]; [@b50]; [@b26]; [@b18]; [@b59]; [@b31]; [@b3]). In this study, we take a new approach that allows comparison and mapping of the primary interaction partners and their binding sites in a single, comprehensive and unbiased system; that is, we do not need to make any assumptions about likely baits or interaction partners.

Specificity and sensitivity
---------------------------

The fact that all binding partners identified contained either SH2- or PTB-domains emphasizes the specificity of signal transduction modules ([@b38]), combined with the observation that phosphotyrosines that were not expected to have binding partners did not show any proteins with significant ratios. This is in contrast to other protein-protein interaction screens, especially in large-scale format ([@b54]), and we conclude that assay is extremely specific and capable of confirming known binding motifs and detecting new target sequences.

Our screen resulted in identification of the vast majority of expected direct interaction partners of the ErbB family that bind through phosphotyrosines. Among the few exceptions was PLC-γ, which we were unable to find as an interaction partner of Y1197 of the EGF receptor. This interaction has been described using immunoprecipitations and *in vitro* phosphopeptide competition and binding assays with cloned domains ([@b30]; [@b44]). The peptide-protein interaction assay as such is capable of identifying PLC-γ, since we previously described such an interaction using an IRS4 phosphopeptide as bait ([@b19]). We also could not find the interaction of Y1197 with SHIP1 ([@b26]), or of Y1248 of ErbB2 with Chk ([@b61]). Binding constants of SH2 domains to phosphotyrosines are in the range of 50-500 nM ([@b37]), while binding constants of certain PTB domains to the respective bait peptides can be as low as 2 μM to 10 μM ([@b58]). The peptide-protein interaction screen was validated for binding constants as low as at least 5 μM ([@b46]), but it is likely to work with much lower affinity interactions, too. Thus, we believe that the negative results are unlikely to be caused by low affinity of the interactions. However, some interactions may not only be motif-dependent, but also require cooperative binding or activation of the binding partner.

In this study, we identify Grb2 as a specific binding partner to tyrosines Y1199 and Y1268 of ErbB3. Other studies have identified Grb7 as a specific binding partner to those tyrosine residues using immunoprecipitation and Western blots as detection method, but assays with synthetic peptides indicated that Grb2 can also bind to Y1199 and Y1268, but with a lower affinity ([@b10]). We have not identified Grb7 at all in the peptide pull-downs using whole-cell lysate and could not detect Grb7 expression in HeLa cells by Western blotting (data not shown). Therefore, the differences in interaction partner may be due to the use of a different cell type. This example illustrates that the results of our assay depend on expression of the binding partner *in vivo*, and may be different for different cell types.

Finally, some proteins have previously been reported to interact with EGFR ([@b53]), such as EPS15 ([@b47]). In our study, we see EPS15 in pull-downs with a number of bait peptides, but always with a ratio of one to one, indicating no direct binding to the bait peptides. This would in any case be expected since EPS15 has no SH2 or PTB domain, and rather is recruited to EGFR in a larger protein complex.

Redundancy of binding sites
---------------------------

With very few exceptions, each of the proteins recruited to phosphotyrosines on the ErbB family had more than one binding site, although sometimes with different affinities. For example, EGFR has six binding sites for the adapter protein Grb2, and ErbB4 has five, each with different binding strength (see [Figure 3](#f3){ref-type="fig"} and [@b55]). PI3K is the sole binding partner to six tyrosines of ErbB3 and one in ErbB4. This redundancy allows combinatorial control of downstream effector pathways in several ways. Different upstream signals can induce different phosphorylation patterns on ErbB receptors--for example, in the case of EGF versus TGFα stimulation of EGFR ([@b15]). The combination of these different phosphorylation patterns with the different binding affinities allows a different cast of effector molecules to be assembled at the receptor. A second level of combinatorial control is the formation of different homo- or heterodimers, depending on the stimulatory condition ([@b34]; [@b21]). Studies of cells with differential overexpression of ErbB family members in various combinations revealed that binding of ErbB2 to Shc, PI3K or Grb2 was dependent on the mode of activation, and that receptor phosphorylation also was dependent on the dimerization partner ([@b13]). Thus, the interaction partners Grb2, Shc or PI3K may only interact with a specific phosphotyrosine under a given cellular condition, and with a different one under another stimulus or dimerization state. The redundancy in binding sites for specific adapter proteins thus may be essential for integration of different stimuli and the coordinated transduction of this information to downstream pathways and to ensure, in one way or another, the binding/activation of these very important signaling switches. However, it has to be kept in mind that some phosphorylation sites may be active only under very specific conditions *in vivo*, and some sites analyzed in our systematic screen are likely not be phosphorylated under any conditions.

Correlation to *in vivo* signaling events
-----------------------------------------

In this study, we clearly identified STAT5 as a direct interaction partner to EGFR (Y978 and Y998) and ErbB4 (Y984). It was previously shown that Src-phosphorylated tyrosine residue Y869 is essential for activation of STAT5b, but does not mediate the interaction itself ([@b27]). EGF stimulation and subsequent phosphorylation of EGFR at tyrosine Y978, Y998 and Y869 (see [Figure 6B](#f6){ref-type="fig"}) would then lead to recruitment and activation of STAT5, which subsequently activates transcription. Our finding that ErbB4 also has a binding site for STAT5 is consistent with the observation that dimerization of ErbB2 and ErbB4 lead to activation of STAT5b ([@b33]) and that ErbB4 signaling is required for STAT5 activation during lactation ([@b25]). This is a further example showing that signaling through EGFR and ErbB4 can activate similar downstream processes in response to their different ligands.

In a separate experiment, we have determined the activation profiles of several tyrosine phosphorylation sites in response to EGF. We found that activation kinetics can correlate with the type of interaction partner. While this experiment was limited in the number of sites analyzed, it clearly shows how integration of *in vivo* kinetics with a knowledge of binding partners can add more functional information of phosphorylation sites and interaction partners.

Implications for signaling roles of different ErbB family members
-----------------------------------------------------------------

This study reveals striking similarities between EGFR and ErbB4 with respect to their interaction partners and the distribution of specific binding sites at the C-terminal end of the receptors. EGFR and ErbB4, the two fully functional receptor tyrosine kinases of the family, are also the two receptors that were found to have the greatest diversity of interaction partners. Both receptors contain redundant binding sites for Grb2, and both receptors were found to bind STAT5. However, EGFR was unique in having a binding site for Cbl, which did not interact with any of the other receptor bait peptides.

It is well known that EGFR functions as an integration site for different stimuli ([@b17]; [@b62]). Thus, redundancy of binding sites and a great diversity of different binding partners is not unexpected. Our data suggest that ErbB4 may serve a similar role during signaling through neuregulin-induced pathways. This idea is supported by findings of overexpression studies, in which EGFR dimerizes preferably with ErbB2 and ErbB3, while ErbB4 dimerizes with ErbB2 and ErbB3, but to a lesser extent with EGFR ([@b32]). In this respect, it should be kept in mind that ErbB2 has a nonfunctional extracellular ligand-binding domain and is a common dimerization partner of other members of the ErbB family ([@b14]). In contrast, ErbB3 has an inactive kinase domain; thus, transphosphorylation in different heterodimers may lead to phosphorylation of different sites in ErbB3.

An evaluation of existing microarray expression data (Affymetrix human U133A data set, Novartis Foundation) using hierarchical cluster analysis ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}) shows that EGFR and ErbB4 indeed are rarely coexpressed and that ErbB2 and ErbB3 are seldom expressed without either EGFR or ErbB4. Thus, our data are consistent with the idea that EGFR and ErbB4 function as \'control centers\' and sites of integration for signaling processes, involving stimulation with their ligands, EGF and neuregulin, respectively. Furthermore, the striking difference in interaction partners of kinase-inactive ErbB3 compared to the other family members may indicate a specific role in signaling to the PI3K pathway as part of heterodimers with EGFR, ErbB4 or ErbB2 in different cell types or differentiation stages.

Perspective
-----------

The peptide-protein interaction screen integrates well with the broader goals of phosphoproteomics. While we have performed a systematic screen of all potential pY sites in this study, bioinformatic predictions of phosphorylation sites or experimentally verified sites could have been taken as a basis for bait selection. The identification of signal-dependent phosphorylation sites is thus a major experimental goal in the characterization of signaling networks. The peptide interaction screen then allows one to directly identify possible binding partners to these identified phosphopeptides with high confidence.

ErbB2 and EGFR are attractive targets for cancer therapy as they are often overexpressed or mutated in tumors. The drug Herceptin^TM^ has been developed as an efficient treatment of cancer types that depend on overexpression of ErbB2, and small molecule kinase inhibitors have been directed against EGFR. Both strategies have the general goal of inhibiting aberrant signaling. However, many studies show that perturbation of signaling networks can have diverse and unanticipated effects. For example, a thorough analysis of Herceptin action revealed that it did not only affect ErbB2, but also the expression of EGFR and its downstream ligands ([@b48]). The understanding of receptor-signaling crosstalk and a detailed picture of different sites of interaction to downstream binding partners can be expected to contribute to description of signaling networks at the systems biology level. Systematic screens, such as the one performed here, can possibly enable entirely new ways of identifying interesting drug targets and potentially make important contributions to therapeutic research.

Our studies show that different receptors in the ErbB family clearly differ in their preferred interaction partners, indicating distinct roles in signaling. Furthermore, modification-dependent interaction does not occur at random, but rather requires characteristic motifs for specific classes of proteins to interact. Novel motifs were found for Shc and STAT5 binding. Importantly, we have shown that the peptide-protein interaction screen can be performed in a large-scale fashion and that it is indeed a suitable method to obtain a broad picture of shared and distinct interaction partners of a whole protein family. In the future, with further improvements in mass spectrometric performance, streamlining and automation, the screen can be applied system-wide to essentially all signaling proteins and their substrates.

Materials and methods
=====================

Cell culture
------------

Human HeLa cells were grown in arginine-deficient Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% dialyzed fetal bovine serum. One cell population was supplemented with normal isotopic abundance [L]{.smallcaps}-12 arginine (Sigma) and [L]{.smallcaps}-lysine, and the other with 99% isotopic abundance ^13^C~6~-arginine (Aldrich) and ^13^C~6~-lysine, as described ([@b36]). Thereby full labeling of all tryptic peptides was achieved. In some experiments, cell populations were metabolically labeled using D~4~-lysine instead of ^13^C~6~-lysine. For studies with singly and doubly phosphorylated peptides of the Y-E-Y motifs, three different cell populations were labeled with ^12^C~6~-arginine (Arg0), ^13^C~6~-arginine (Arg6), and ^13^C~6~ ^15^N~4~-arginine (Arg10), resulting in mass differences of 6 and 10 Da to the Arg0 form, respectively. Each cell population was grown for at least five passages, encompassing a minimum of seven population doublings.

For experiments determining phosphorylation kinetics, three different cell populations were labeled with Arg0, Arg6 and Arg10, respectively. Prior to stimulation, cells were serum-starved for 18 h. Unlabeled cells were left unstimulated, while two cell populations labeled with Arg6 were stimulated for two minutes and four minutes, respectively, and two cell populations labeled with Arg10 were stimulated for 8 min and 15 min, respectively. EGF was added to a final concentration of 200 ng/ml. Lysates of cells after different times of EGF stimulation were combined as described ([@b4]) and subjected to immunoprecipitation with a general antibody against phosphotyrosine residues.

Peptide synthesis and pull-downs
--------------------------------

Desthiobiotinylated peptides were synthesized on a solid-phase peptide synthesizer using amide resin (Intavis, Germany). Peptides were designed as 15-mers bearing an N-terminal biotin, the tetrapeptide linker SGSG ([@b55]). The identity and purity of the synthesized peptides was confirmed by mass spectrometric analysis. Peptides were synthesized as pairs in an \'active\' and \'control\' form. For affinity pull-downs, 50 nmol of immobilized peptide was added to an average of 2 mg of cell lysate.

Dynabeads MyOne Streptavidin^TM^ were saturated with biotinylated peptide prior to incubation with cell lysates. Cells were lysed in 1% (v/v) Nonident P-40, 150 mM sodium chloride, 50 mM Tris-HCl pH 7.5, protease inhibitors (Complete Tablets, Roche), and 1 mM sodium orthovanadate as phosphatase inhibitor. An equal amount of protein was incubated with the respective immobilized peptides at 4°C for 4 h. After six rounds of washing with lysis buffer, beads of pull-down pairs with \'control\' and \'phosphorylated\' were combined ([@b46]) and bound proteins were eluted using 20 mM biotin. Eluted proteins were precipitated and subsequently digested with trypsin for LC-MS/MS analysis as described.

Immunoprecipitation
-------------------

HeLa cells were lysed in 1% (v/v) Nonident P-40, 150 mM sodium chloride, 50 mM Tris-HCl pH 7.5, 1 mM sodium orthovanadate and protease inhibitors (Complete Tablets, Roche), and incubated at 4°C with respective primary antibodies. Depending on the host animal of the antibody, protein-A-sepharose or protein-G-sepharose beads were added after 2 h and incubated for an additional 4 h. After three rounds of washes, coprecipitated proteins were eluted in sample buffer for SDS gel electrophoresis. For peptide competition analyses, 250 μg (125 nmol) of phosphorylated or nonphosphorylated peptide was added to the immunoprecipitation reaction. STAT5 was immunprecipitated with an antibody directed against STAT5a and b isoforms (Santa Cruz), EGFR was immunoprecipitated with a polyclonal antibody (Santa Cruz). For immunoprecipitation of tyrosine-phosphorylated proteins, we used the 4G10-anti-phosphotyrosine antibody (Upstate Cell Signaling Technologies).

LC/MS/MS, database searching and quantitation
---------------------------------------------

Eluted proteins were in-solution digested with 1 μg trypsin after reduction in 1 μg DTT, alkylation with 5 μg iodoacetamide and dilution of the sample with 4 volumes of 50 mM NH~4~HCO~3~. Tryptic peptide mixtures were then desalted on STAGE tips ([@b42]) and loaded onto reversed phase analytical columns for liquid chromatography ([@b22]). Peptides were eluted from the analytical column by a multistep linear gradient running from 5 to 30% acetonitrile in 90 min and sprayed directly into the orifice of a QSTAR-Pulsar quadrupole Time-Of-Flight hybrid mass spectrometer (PE-Sciex, USA) or a LTQ-FT (Thermo Electron, Germany). Proteins were identified by tandem mass spectrometry (MS/MS) by information-dependent acquisition of fragmentation spectra of multiple-charged peptides that were then searched against the human International Protein Index Database (IPI; <http://srs6.ebi.ac.uk>) using the Mascot algorithm ([@b39]) with search parameters as described in ([@b11]) for QSTAR data and as in [@b35] for LTQ-FT data. For quantitation and spectra validation, the software MSQuant (<http://msquant.sourceforge.net>) was used.

Determination of significant binding partners
---------------------------------------------

Ratios of labeled to unlabeled forms of each validated tryptic peptide, and the associated average ratio for the whole protein were obtained by MSQuant. A plot of the distribution of all protein ratios from one experiment revealed the highest number of proteins with a ratio of around one. Those ratios being significantly (2σ) different from the average ratio of the majority (covering mean±σ) of identified proteins were considered as significant. Furthermore, we used crossover experiments ([@b46]) in which specific interaction partners were required to have inverse ratios compared to the first experiment. In the pull-down experiments, 89-153 proteins were quantified. Cutoff thresholds were calculated for each experiment individually. The range of average ratios for unspecific binders ranged from 0.96±0.52 to 1.86±0.87 in different pull-down experiments.
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![Summary of systematic interaction profiling of the ErbB-receptor tyrosine family. All cytosolic residues of the ErbB-receptor family were used in pull-down assays. The interaction partners found are indicated by symbols. The kinase domain of the receptors is designated as an oval. Underlined and colored tyrosine residues mark identical sequence regions between different receptors; regions around colored residues show strong homology between receptors. Most interaction partners to tyrosine residues are found at the C-terminal end outside the kinase domain. The EGFR has multiple interaction partners, and several binding sites for Grb2. ErbB2 has few interaction partners; of them Shc is the most common. ErbB3 interacts mainly with P13-Kinase subunit p85, and ErbB4 again shows a diversity of interaction partners, also with several binding sites for Grb2. Receptors are not drawn to scale. The dimerization is indicated by EGFR dimer. Residues are labeled according to the full-length sequence of each of the receptors.](msb4100012-f1){#f1}

![Binding motifs of the major interaction partners of the ErbB-receptor family. Consensus motifs for binding of Grb2, Shc and P13-Kinase are presented. Sequences shaded in black are common to the majority of all aligned sequences. Residues shaded in red denote essential residues for PTB-domain binding of Shc, while green shades indicate Grb2 binding sites. Residues shaded in blue indicate a motif for SH2-domain binding of Shc. Yellow residues mark essential amino acids in the binding motif for the SH2 domain of P13K. The binding motif for the PTB domain of Shc is N-P-X-pY. The residue N at position −3 is essential, whereas the residue P at position −2 can also be replaced. Besides the known Grb2-binding motif pY-X-N, five binding sites were found for Grb2, which did not contain an N in position +2 after the phosphotyrosine. A binding target for the SH2 domain of Shc was found to contain pY-\[KR\]-X-φ. The binding motif for P13-Kinase subunit p85 is pY-X-X-M.](msb4100012-f2){#f2}

![Interaction strength of Grb2 binding sites. Ion intensities of extracted ion chromatograms of identical tryptic peptides of Grb2, which were identified in pull-down experiments using different phosphotyrosine containing bait peptides. The two amino acids C-terminal to the bait phosphotyrosine are indicated. (**A**) Ion intensities of tryptic Grb2 peptides in pull-downs with phosphotyrosine baits of EGFR. (**B**) Ion intensities of tryptic Grb2 peptides in pull-downs with phosphotyrosine baits of ErbB4. Insets show abundance of interaction partner by Western blot.](msb4100012-f3){#f3}

![Interaction partners with the YEY motifs of ErbB3. Using metabolic labeling with Arg0, Arg6 and Arg10, interaction partners to Y-E-Y in all three phosphorylation combinations were determined. Results are shown for the two tyrosines around Yl 197 and Yl 199. (**A**) MS spectra of a tryptic peptide of Filamin A, an unspecific binding protein as indicated by the same ion intensity when precipitated by the nonphosphorylated, singly phosphorylated and doubly phosphorylated bait. (**B**) MS spectra of a tryptic peptide of Grb2. Grb2 binds to pY-E-pY and Y-E-pY. (**C**) MS spectra of a tryptic peptide of PI3-Kinase. PI3-Kinase subunit p85 binds to doubly phosphorylated peptide and pY-E-Y. No protein was found to bind specifically to the doubly phosphorylated peptides.](msb4100012-f4){#f4}

![Co-immunoprecipitation of STAT5 and EGFR. (**A**) In co-immunoprecipitation experiments, EGFR was detected by Western blot (WB) in immunoprecipitations (IP) with STAT5, and STAT5 was detected in immunoprecipitations of EGFR. Co-immunoprecipitation was reduced by addition of phosphorylated peptides pY978 and pY998 of EGFR. There was no effect when these peptides were added in their nonphosphorylated form as control (Y978 and Y998). In addition, equal amounts of EGFR and STAT5 were immunoprecipitated, as shown by the IP with STAT5, WB with STAT5 and the IP with EGFR, WB with EGFR, respectively. The experiments were performed on HeLa cells growing in 10% FBS. (**B**) Phospho-EGFR, STAT5 and Crk after immunoprecipitation of EGFR from normal growing HeLa cells (basal), serum-starved cells for 14 h (starved) and EGF-stimulated cells for 2 and 10 min. The antibody was used for IP and WB of EGFR against codons 998-1022, while the antibody against phospho-EGFR was directed against pYl 197 of EGFR. STAT5 antibody is directed against the C-terminal domain of Stat5b, but recognized isoforms STAT5a/b, and Crk antibody is directed against the N-terminus of Crk.](msb4100012-f5){#f5}

![Phosphorylation dynamics of EGFR. (**A**) MS-MS fragmentation spectrum of the tryptic peptide MHLPSPTDSNFYR and MHLPSPTDSNF\[pY\]R of EGFR showing phosphorylation of tyrosine 998. (**B**) Time course of phosphorylation at six different tyrosine residues of the EGFR upon EGF stimulation. Ratios of peak intensities after EGF stimulation versus no stimulation are shown. Tyrosine residues Y1110, Y1172 and Y1197 are autophosphorylation sites, tyrosine Y869 is phosphorylated by Src kinase, and tyrosine Y998 and Y801 are novel phosphorylation sites.](msb4100012-f6){#f6}

###### 

The number of cytosolic tyrosine residues of each receptor analyzed and the number of residues to which none, one or more than one interacting protein was found

                                         EGFR      ErbB2      ErbB3      ErbB4
  -------------------------------------- --------- ---------- ---------- ----------
  Total number of cytosolic tyrosines    20        19         23         27
  No interactions                        8 (40%)   11 (57%)   14 (60%)   16 (59%)
  One interaction partner                6         7          8          7
  More than one interaction partner      6 (30%)   1 (5%)     1 (4%)     4 (14%)
  Number of different binding partners   9         4          4          8
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